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Abstract

Objective—Impairments in cognitive emotion regulation (CER) have been linked to functional
neural abnormalities and the pathogenesis of major depressive disorder (MDD). Few functional
magnetic resonance imaging (fMRI) studies have investigated the neural underpinnings of CER in
samples with depression. As CER develops in childhood, understanding dysfunctional CER-
related alterations in brain function during this period could advance knowledge of the
developmental psychopathology of MDD.

Method—This study tested whether neural activity in brain regions known to support cognitive
reappraisal differed between healthy 7- to 15-year-old children and same-age peers with a history
of MDD (MDD-ever). A total of 64 children participated in this event-related fMRI study, which
used a developmentally appropriate and validated fMRI reappraisal task. Children were instructed
to passively view sad or neutral images and to decrease negative emotions using cognitive
reappraisal.

Results—MDD-ever and healthy children showed similar patterns of cortical activation during
reappraisal, but with a significant difference found in 1 key CER region, the left inferior frontal
gyrus (IFG). In addition, individual differences in CER were associated with left IFG activity
during reappraisal.
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Conclusion—Ailterations in the neurocircuitry of reappraisal are evident in children with a
depression history compared to healthy controls. The finding that MDD-ever children showed
reappraisal-related neural responses in many regions similar to healthy controls has clinical
implications. Findings suggest that identification of alterations in reappraisal in children with
remitted depression, for whom much, although not all, of the neural circuitry remains intact, may
be an important window of opportunity for intervention.
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Dysfunctional cognitive emotion regulation (CER) strategies have been linked to functional
neural abnormalities as well as risk, course, and outcomes associated with major depressive
disorder (MDD) in adults.12 One CER strategy that has received the bulk of empirical focus
is cognitive reappraisal.34 By reinterpreting (i.e., reappraising) the affective meaning of
emotion-eliciting situations, one may regulate and modify one’s emotional responses to a
distressing event. Neuroimaging studies examining patterns of neural activation during the
use of reappraisal in healthy adults and those with depression are consistent with decades of
cognitive-behavioral research on mechanisms (i.e., cognitive vulnerabilities for depression)
and treatment (e.g., cognitive-behavioral therapy [CBT]) that implicate impaired CER
processes in the etiology and course of MDD.? Related to these deficits, individuals at risk
for MDD are more likely to process everyday life events as being negative, resulting in more
experiences of negative mood, emotion, and affect.® When these cognitive vulnerabilities
are paired with an inability to use adaptive CER strategies such as reappraisal, risk for MDD
increases.” There are known associations between the infrequent and/or inefficient use of
cognitive reappraisal tactics in relation to the development and course of MDD.8
Nonetheless, functional magnetic resonance imaging (fMRI) studies investigating the neural
underpinnings of reappraisal in children at risk for, currently diagnosed with, or in a
remitted phase of depression are absent from the translational developmental neuroscience
literature.

Developmental Course of Emotion Regulation in the Context of Developing

MDD

Developmentally informed research has established that depressotypic emotion regulation
(ER) strategies are evident early in children’s development.® Although ER strategies
continue to evolve across the lifespan, strong correlations exist between cognitive-based ER
strategies that develop and are practiced in late childhood and behavioral patterns of CER
strategy used in later life.10-17 That is, extant findings indicate that late childhood is a
critical developmental period for acquiring adaptive CER strategies to self-regulate affective
arousal.18

From a developmental affective neuroscience perspective, cortical and especially the
prefrontal cortex (PFC) brain regions that support the development of complex thought
processes necessary for CER undergo significant changes in function as well as structure
starting in early adolescence. In addition to normative neurodevelopment that occurs in
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adolescence, this is also the age at which individuals are most likely to be diagnosed with
MDD. The dynamic interplay between pubertal changes, cognitive transitions, heightened
social awareness, and maturing brain regions that support the use of CER may contribute
aberrant trajectories of adolescent emotion development, which in turn may increase the risk
of MDD episodes. Given that adolescence is a period of high risk for MDD, understanding
dysfunction in CER processes and related alterations in brain function before and during this
developmental period could have important implications for advancing our knowledge of
risk and occurrence of MDD in adolescents. Using a previously validated approach,1® the
current study tested whether neural response in brain regions known to support the
reappraisal of negative stimuli in adults differed between typically developing children aged
7 to 15 years and those with 1 or more past episodes of MDD.

Neural Circuitry of Cognitive Reappraisal in Healthy Adults

fMRI research conducted in healthy adults has informed our understanding of the source
brain regions that provide the neural underpinning for implementing reappraisals as well as
the target neural systems that are acted upon during reappraisal. Although fMRI studies of
reappraisal have varied along a number of experimentally significant dimensions (distancing
versus reappraising, stimuli valence, and regulatory direction; increase versus decrease
emotion response), when results are taken as a whole, findings indicate that the
implementation of reappraisal to modulate emotion responsivity is supported by many of the
same frontoparietal and cognitive control regions that regulate memory, attention, and
numerous other thought processes. The most commonly observed regions involved in
implementing reappraisals (i.e., source regions) include but are not limited to the following:
dorsolateral (dIPFC) and the inferior parietal cortex (when combined this is also known as
the frontoparietal network; in the context of reappraisal, this network is thought to direct
attention to reappraisal-relevant stimulus features, to hold in mind appraisal goals, and to
manipulate information during the construction of new appraisals2%; dorsal anterior
cingulate cortex (dACC) and posterior dorsomedial prefrontal cortex (dmPFC) regions,
which, in the context of reappraisal, are thought to support the monitoring and tracking of
the effectiveness of reappraisals?L; and the ventrolateral PFC (VIPFC), which is thought to
support goal-appropriate selection of a new reappraisal of the initial stimuli.22 The left
VIPFC is thought to be of particular importance in reappraisal paradigms that focus on
reinterpretation tactics. The left vIPFC may be used to deliberately select semantic elements
needed to construct a new stimulus-appropriate reappraisal and is involved in inner-speech
processes.

These cortical regions and networks provide the neural substrates for using cognitive
reappraisal effectively. Supporting evidence for the importance of these cortical brain
regions has been found in several studies that indicate that increased neural activation in
cortical brain regions while engaged in reappraisal correlates with effective modulation of
self-reported emotional experience as well as other effectively modulated measures such as
behavioral and physiological correlates of emotion responsivity. Given that reappraisal is
associated with modulation of emation experience, it should also modulate in subcortical/
limbic regions involved in the generation of emotion. Although results have been mixed,
likely due to variation in methodological approach, the consensus remains that reappraisal
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modulates activity in subcortical structures associated with emotion generation.23:24
Specifically, findings from healthy adults have shown that using reappraisal to down-
regulate negative emotions after presentation of negative stimuli is associated with
decreased neural activation in the amygdala,2> ventral striatum, and, to a lesser extent, the
ventromedial prefrontal cortex (vmPFC). These findings in healthy adults suggest that
individuals who have difficulties with reappraisal, such as adults with depression, should
show reduced activity in cortical regions, especially the vIPFC. Based on observations in
healthy adults, it is also expected that adults with depression will show increased activation
in emotion generation regions such as the amygdala, which may result from reduced
modulation by cortical regions.

Reappraisal in Healthy Children

To date, few fMRI studies have examined neural activation during reappraisal in children
and adolescent samples.19:26-29 Results indicate that childhood development is associated
with both linear and quadratic (inverted U-shaped) increases in activity in dorsal and lateral
PFC regions. For instance, researchers have found a linear association between participants’
age (i.e., 10-23) and reappraisal ability at both the neural and behavioral levels.2’
Specifically, activation in a portion of the left inferior frontal gyrus (IFG: a.k.a. VIPFC)
demonstrated a positive linear association with age. Increasing age was also associated with
increased ratings of reappraisal successes during the fMRI task, which were both related to
increased activation of the left IFG during reappraisal. The IFG may be especially relevant,
given recent findings demonstrating that this region becomes more effective at supporting
reappraisal with age. Although the strength of neural activation may differ between children
and adults, findings suggest that children will show activation patterns in cortical and
subcortical regions similar to those seen in healthy adults.

Although developmental affective neuroscience research specific to CER processes is in its
infancy, 2 highlights have emerged from the existing literature. First, neurodevelopment
within brain regions that support one’s ability to regulate emotion are highly similar to what
has been observed in studies of “cold” cognitive tasks. Second, improved capacities and
efficacy of using CER strategies such as reappraisal are supported by structural and
functional maturation of prefrontal regions known to support reappraisal in healthy adults.

Cognitive Reappraisal in Adults and Adolescents With Depression

Dysfunctional ER is a core tenet of MDD and is thought to contribute to the chronic
experience of negative affect and low mood commonly seen in individuals with depression.
The few studies that have examined the neural mechanisms of reappraisal in adults with
depression have varied in the use of reappraisal tactics, goals, and emotional valence.
However, several findings consistently emerge when comparing healthy adults to those with
depression. First, healthy adults and those with depression rarely differ significantly from
each other on self-report measures of reappraisal success during fMRI reappraisal tasks.
That is, regardless of diagnostic group status, healthy adults and those with depression report
being equally successful at using reappraisal during fMRI tasks. Second, MDD influences
regulation of subcortical responses to affective stimuli; however, the results are mixed.
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Some studies have found that participants with MDD show enhanced amygdala response
during the reappraisal of negative affect, whereas others have found that adults with
depression fail to sustain reappraisal-related modulation of the amygdala.30-31 The former
suggests that participants with depression fail to recruit cortical regions responsible for
modulating subcortical emotion generation regions. The latter suggests that individuals with
MDD may initially be able to modulate emotion generation regions but cannot sustain this
modulation, putting them at risk for returning to negative mood states. Blunted reappraisal
effects on amygdala activation in both remitted32 and unmedicated samples with depression
have also been reported.33 In a study of untreated adults with depression and healthy
controls, both groups recruited regions of the dIPFC and vIPFC during CER, but only in
controls was this associated with reduced activity in the amygdala, suggesting impairments
in participants with depression.34:35

Third, healthy adults compared to those with depression recruit a broader area of the PFC
during reappraisal. Thus, it has been suggested that adults with MDD exhibited less
efficiency during reappraisal.233 In the only study examining reappraisal in healthy
adolescents compared to those with depression, the latter demonstrated reduced activation in
the VIPFC compared to that in healthy adolescents.?® Fourth, several studies have found that
connectivity between the PFC and the amygdala or ventral striatum in adults with depression
either is diminished or exhibits an opposite pattern of what is commonly observed in healthy
controls.230 The only functional connectivity MRI (fcMRI) study that has compared
adolescents with depression to healthy controls during reappraisal found that adolescents
with depression showed less connectivity between the amygdala and both the insula and
medial PFC compared to those in healthy controls while passively viewing negative
stimuli.28 Taken together, all of these findings suggest that the effects of MDD on neural
activation and connectivity during reappraisal are not yet well understood in adults, and
even less is known about late childhood and adolescence, the period when CER skills are
rapidly developing and the incidence of MDD is rising.

Present Study

The aim of the current study was to further investigate differences in neural activation
during reappraisal in healthy controls compared to a group of school-age children previously
diagnosed with MDD. Children with an MDD history are at increased risk for additional
MDD episodes and thus may help shed light on neural alterations associated with
dysfunctional CER during development. As the fMRI results in adults with depression are
based on widely varying methodologies, and as there is only 1 fMRI study of reappraisal in
adolescents with depression, we focused on regions most commonly associated with
reappraisal in healthy adults based on a recent meta-analysis.* These same regions of
interest (ROIs) have also been identified as supporting reappraisal of sadness in a sample of
19 healthy children.® Focusing on ROIs established from a meta-analysis has the benefit of
targeting stable and representative regions. To date, fMRI studies of reappraisal in children
and adults have emphasized the down-regulation of highly arousing negative emotions such
as disgust and fear. The current study addresses a novel and important gap in the reappraisal
literature by examining sad stimuli. Although sad stimuli may be lower in arousal compared
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to disgust or fear, they were the focus of the current study because of their prevailing role in
MDD.

We hypothesized that children with previous episodes of depression would show
significantly less activation in the brain regions thought to support reappraisal (e.g., dIPFC,
VIPFC, and dACC) compared to healthy controls when instructed to reappraise sad stimuli.
Furthermore, given the extensive literature on at-risk adolescents and those with depression
that has demonstrated increased amygdala activation in response to negative emotion, we
hypothesized that children with an MDD history would show increased neural activity in
emotion-generative brain regions (e.g., amygdala and striatum) when processing sad stimuli,
particularly in the reappraisal condition, when they should be downregulating this activity.
We also expected that children’s neural activation in brain regions supporting reappraisal
(dIPFC, dACC, inferior parietal regions) would show positive associations with parent
report of children’s emotion regulation capacities. Activation in the amygdala during active
reappraisal was expected to be negatively associated with children’s emotion regulation
scores. We also hypothesized that higher MDD severity scores in children would correlate
with decreased activation in cortical reappraisal regions and increased activation in the
amygdala.

A sample of 64 children (34 female) aged 8 to 15 years (mean, 11 years 6 months)
participated in the current study after providing consent according to the guidelines of the
Washington University School of Medicine Institutional Review Board. These children were
recruited from a larger ongoing study of preschool-onset depression, but the current study
was a different and separate fMRI study. Given the goals of the current study, we focused
our analyses on healthy children and same-age peers with 1 or more prior diagnoses of
MDD during the course of the study (i.e., MDD-ever group), resulting in a total sample of
55 children (28 MDD-ever). Thus, 9 children with a psychiatric disorder diagnosis other
than MDD were excluded from these analyses. Table 1 summarizes demographic and
clinical data for healthy and MDD-ever diagnostic groups.

DSM-IV Psychiatric Diagnoses

For assessments before age 8 years, an age-appropriate, semi-structured, parent-report
diagnostic interview was used to assess children’s psychiatric symptoms, namely, the
Preschool-Age Psychiatric Assessment (PAPA). After age 8 years, the Childhood and
Adolescent Psychiatric Assessment (CAPA) was used. This includes child report and
caregiver report of psychiatric symptoms (which are combined) to inform diagnostic
classification. Detailed descriptions of the parent study can be found in prior publications.5-8

Depression Severity Score

Depression severity scores were obtained at the children’s annual wave conducted in closest
proximity to their scan for the current study. These scores comprised the total number of
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core DSM-IV MDD symptoms (0-9 possible) endorsed by caregiver and/or child on the
MDD module of the PAPA or CAPA.

Emotion Regulation Score

Procedure

Parent report of their children’s capacities to self-regulate emotion was assessed using the 8-
item ER subscale of the Emotion Regulation Checklist.? This is a well-validated subscale (a
= 0.77 in our sample) of children’s emotion self-regulation.

A pre-scan training procedure was used to ensure that children understood how to use
reappraisal in response to negative stimuli. Details are provided in supplemental materials
(see Supplemental 1, available online, and Belden et al.1° for description). Using a
developmentally appropriate, validated fMRI reappraisal task, children were instructed to
either passively view negative or neutral images, or to decrease their experience of negative
emotions in response to viewing sad images, by using cognitive reappraisal strategies.
Similar to other CER studies,28:29:40-42 3t the start of each trial, a photograph (i.e., neutral
or sad) was presented for a 4-second interval (Figure 1). Next, an instruction, “VIEW,”
appeared to indicate nonregulation trials or “MAKE-POSITIVE,” to indicate regulation
trials (the instruction and photograph remained on the screen together for another 4
seconds). Then, the photograph disappeared, but the instruction remained on screen for an
additional 4 seconds. Following each picture, children were prompted to answer the
question, “How do you feel?”. Children had 4 seconds to rate their negative affect on a scale
from 1 to 4. Responses were made on a 4-button box. After the affect-rating period, the
word “RELAX” appeared on the screen for 4 to 8 seconds (for example, see Figure 1). The
combinations of neutral and sad photographs with nonregulate versus regulate instructions
resulted in 3 conditions: view neutral (nonemotional), view sad (sadness without
reappraisal), and reappraise sad (reappraise while viewing sad photo).

Stimuli were taken from the International Affective Picture Series (IAPS)#344 and were
supplemented from an in-house set of images selected to be appropriate for viewing by
children (e.g., photographs of other children crying). IAPS stimuli have been rated for
valence (1-9; extremely negative to extremely positive) and arousal (1-9; no arousal to
extreme arousal). The IAPS images that we used had valence scores of less than 4 and
arousal scores of greater than 4. We used 20 total neutral and 40 total sad pictures during the
fMRI task. Each run presented 12 trials divided equally among view neutral, sad, and
reappraise. Trial orders were pseudo-randomized, and stimuli used for the VIEW versus
MAKE-POSITIVE conditions were counterbalanced so that stimuli were not confounded
with condition. The CER task included 5 runs of 12 trials each (60 trials total, 20 in each
condition). Each trial lasted 16 seconds (followed by a 4- to 8-second jitter), and each run
lasted approximately 4 minutes and 40 seconds.

fMRI Methods

We acquired both T1 and blood oxygen level-dependent (BOLD) images in the same
session (see Supplement 1, available online, for more details). The functional images were
collected with a 12-channel head coil in runs using an asymmetric spin-echo echo-planar
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sequence sensitive to BOLD contrast (T2) (TR = 2000 ms, TE = 27 ms, FOV = 256 mm, flip
= 90°). During each functional run, sets of 32 contiguous axial images with isotropic voxels
(3 mm?3) were acquired parallel to the anterior—posterior commissure plane.

Data Processing

Magnetic resonance (MR) data were reconstructed into images and aligned to correct for
head motion. All MR data (structural and functional) were registered to a common space
atlas optimized for children’s heads (Talairach space) using a 12-parameter linear (affine)
transformation.#>46 Frames with excessive movement were identified and removed
following a procedure suggested by Power et al.," as those for which the sum of the
displacement across all 6 rigid body movement correction parameters exceeded 0.5 mm
(more detail provided in Pagliaccio et al.48).

Data Analysis

Similarity of children with a history of 1 or more MDD episodes and healthy children on
demographic and clinical/behavioral variables was examined using t tests and y2 and
bivariate correlational analyses (Table 1). Repeated-measures analysis of variance
(ANOVA) was used to test for diagnostic group differences in children’s emotional state
ratings during the fMRI task (view neutral versus view sad, and reappraise sad versus view
sad). Furthermore, to test for potential covariates of noninterest, we examined whether
children’s gender and/or their age at time of scan differentiated and/or associated with their
neural activation when comparing their response to the reappraise versus view sad
conditions using ROIs. If gender and/or age were found to have a significant effect on neural
activation, they were included as a covariate in all analyses.

fMRI Data Analysis

For each participant, we computed a general linear model (GLM). We did not assume a
hemodynamic response shape because of concerns about potential developmental
differences in the shape or timing of this response. Instead, we used a finite impulse
response approach where 16 time points (taken at 2-second repetition times [TRs]) were
estimated. This included 8 time points to cover the 16 seconds of the trial (plus an additional
16 seconds for the evolution of the hemodynamic response. The results of these fixed effects
analyses for each individual participant were entered into second-level analyses, treating
participants as a random factor. Frames 5 to 8 (10-18 seconds into each trial) were used for
the current analyses, reflecting BOLD responses hypothesized to be related to picture
viewing and reappraisal of sad emotion when taking into account the lag in the
hemodynamic response.

We used an ROI analysis to enhance power. We used ROIs for 3 subdivisions of the
amygdala, namely, centromedial, laterobasal, and superficial, for right and left hemispheres
(Figure 2). These amygdala ROIs were based on prior findings from Roy et al., who
provided our ROI mask.4® For the cognitive control regions, we focused on the regions
identified in a recent meta-analysis that included studies focused on cognitive down-
regulation of negative emotion (albeit primarily fear stimuli) similar to the current study.36
In the Diekhof et al. meta-analysis, 23 regions showed greater activation during the
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reappraisal of negative stimuli consistently across all studies. We used these coordinates to
create spherical ROIs that were 12 mm in diameter (Figure 2). A 12-mm diameter was
chosen so as to be similar in size to that used in prior published studies. Larger ROIs risk
including activation from multiple regions but are also associated with higher signal-to-noise
ratio (SNR). Smaller ROIs are more focal but can suffer from lower SNR.

Analysis Plan

Hypothesis 1a—Children previously diagnosed with MDD compared to controls will
show greater neural response in the amygdala when viewing sad compared to neutral stimuli
and when reappraising compared to passively viewing sad photographs.

Approach/Analysis—A targeted ROI analysis was performed using repeated-measures
ANOVASs within each group separately. Amygdala subdivisions showing a significant main
effect of condition or a condition x time interaction effect within the control group and/or
group with prior depression were then tested using diagnostic group status as the between-
subjects factor using false discovery rate (FDR) p < .05 correction.

Hypothesis 1b—Children previously diagnosed with MDD compared to controls will
show significantly less activation in prefrontal regions commonly activated when
implementing reappraisal.

Approach/Analysis—A targeted ROI analysis was performed using repeated-measures
ANOVA within each group separately. Within-group analyses were conducted using 23
ROIs previously identified as being consistently activated during active reappraisal and were
tested as the criterion variables. Brain regions that showed a significant condition and/or
condition x time effect after using FDR correction were further tested with diagnostic group
as a between-subjects factor.

Hypothesis 2a—Children’s higher MDD severity scores will be associated with increased
neural activation in the amygdala (6 ROI) and decreased activation in prefrontal control
regions (23 Diekhof ROI) during the reappraise versus view sad conditions.

Hypothesis 2b—Children’s higher ER scores will be associated with decreased neural
response in the amygdala and increased activation in prefrontal control regions during the
reappraise versus passive viewing conditions. Significant correlations are expected to remain
significant when children’s current MDD severity at time of scan is included as a covariate
in follow-up analyses.

Approach/Analysis—A targeted ROI approach was used for analyses examining the
associations between MDD severity and ER scores in relation to neural activation during
reappraisal minus view sad contrast. For each amygdala and Diekhof ROI, we averaged the
percent change in BOLD signal across frames 5 to 8 separately for the reappraise and view
sad conditions. Then we created difference/contrast scores for each ROI by subtracting
children’s view sad activity from reappraise sad activity. We then conducted bivariate partial
correlations in the total sample using the amygdala ROIs in 1 set of analyses and Diekhof
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ROIs in the second set of analyses. Regions showing a significant correlation after FDR p
<.05 corrections were then tested as outcome variables in a 2-step hierarchical regression
analysis in which the independent variables (1VVs) were MDD severity in step 1 and ER
scores in step 2. To reduce the number of comparisons, we examined only those Diekhof
regions that showed a significant main effect of condition or a significant interaction effect
of condition and time after using FDR corrections of p < .05 within the healthy and/or within
the MDD-ever groups in approach 1 above.

Demographic and Clinical Characteristics

There was no significant effect of diagnostic group in relation to children’s gender, age, 1Q,
pubertal status, handedness, ethnicity, or family income (Table 1). Children in the MDD-
ever group had caregivers who completed significantly fewer years of education than
caregivers of the control group. As expected, children in the MDD-ever group had
significantly higher MDD severity scores at their assessment closest to time of scan and had
significantly lower ER scores compared to healthy peers (Table 1).

Self-Report of Negative Affect During fMRI

Results indicated that children reported significantly more positive affect after viewing
neutral compared to sad photographs (F1 51 = 109.34, p < .00001). At a trend level, children
also reported more positive affect after reappraise sad versus view sad trials (F1 51 = 3.63, p
= .06; see Figure S1, available online). There were no significant interaction effects between
diagnostic group and condition on children’s emotion state ratings during the view neutral
versus view sad (F1 51 = .87, p = .35) or reappraise sad versus view sad condition (F1 51 = .
70, p = .41).

Potential Covariates

There was no significant effect (all p > .12) of children’s gender on activation in the
amygdala or Diekhof ROl when testing the view sad minus view neutral contrast and the
reappraise minus view sad contrast. Results from the bivariate correlations using an FDR of
p < .05 indicated that age was not significantly correlated with neural response within the
amygdala or Diekhof ROI during the 2 contrasts (both p > .11). Given that age and gender
did not have a significant effect on neural activation in the amygdala or Diekhof ROI, they
were not included as covariates in the following analyses.

Passive Viewing of Sad Versus Neutral Photographs

Amygdala—Separate within-group analyses indicated no significant main effect of
condition or condition x time interaction effect on amygdala activation (all p >.05 after FDR
correction).

Diekhof Regions—Within-group analyses indicated that healthy children showed no main
effect of condition on activation in the 23 Diekhof ROIs. Healthy children showed
significant condition x time interaction effects on bilateral activation in the middle frontal
gyrus (Table 2). Left and right middle frontal gyrus (MFG) showed greater magnitude over
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time for sad compared to neutral stimuli (see Figure S2, available online). Children with a
history of MDD did not exhibit any significant effects of condition or condition x time
within the 23 ROls.

Reappraise Sad Versus Passive View Sad: Within-Group Analyses

Amygdala—There were no significant condition or condition x time interaction effects on
amygdala ROI for the within-group analyses.

Diekhof Regions—As shown in Table 3, after using an FDR of p < .05, children in the
healthy group showed significant main effects of condition in 17 of the 23 Diekhof regions.
All of these regions demonstrated greater activation during the reappraise compared to view
sad conditions (Figure S3, available online). One region in the vIPFC located on the left IFG
showed a significant interaction between condition and time (Figure S4, available online).

Using an FDR of p < .05, children in the MDD-ever group showed a significant main effect
of condition in 6 of the 23 Diekhof ROIs (Table 3 and Figure S5, available online).
Furthermore, 9 of the 23 Diekhof ROIs showed a significant condition x time interaction
effect (see Figure S6, available online, for example time courses). All of these regions
demonstrated greater activation during the reappraise compared to view sad.

Next we tested whether any of the regions showing within-group effects of condition or
condition x time differed between groups. To reduce the risk of making a type 1 error, we
conducted between-group analyses only on regions that were significant after FDR
corrections at a very stringent threshold of p < .001. That is, to be included in the group
comparison analyses, the region had to show a significant within-group main effect of
condition or a condition x time interaction effect with an FDR significance threshold of p <.
001. Based on this criterion, we tested for diagnosis x condition and diagnosis x condition x
time interaction effects in 7 of the 23 Diekhof regions (Table 3, boldface data). Specifically,
we tested for group differences in the left dACC, left MFG, left IFG (2 areas), left intra-
pariatal cortex, left inferior temporal sulcus, and right anterior insula.

As shown in Table 3 and Figure S7, available online, only a single region remained
significant after conducting FDR corrections at p < .05. That is, healthy children compared
to MDD-ever children showed significantly greater activation in the left IFG (-48, 26, —6)
regions when instructed to reappraise versus view sad photographs. It is important to note
that this result remained significant (p <.01) after controlling for children’s MDD severity at
the time of scan. Results indicated no significant condition x diagnosis x time interaction
effects within the 7 ROIs tested.

Dimensional ROl Analyses Examining Depression Severity and ER Scores

Amygdala—Children’s MDD severity scores were significantly negatively correlated with
the difference between reappraise and view sad in the right superficial amygdala (r = —0.38,
p =.01, FDR corrected). That is, MDD severity was associated with greater activation in the
view sad compared to reappraise sad condition. There were no significant relationships
between activity in any of the amygdala regions and ER scores.
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Diekhof ROIs—There were no significant relationships between activity in the 23 Diekhof
ROI and MDD severity scores. After applying an FDR of p < .05 to the correlations between
ER scores and the 23 ROIs, 6 regions remained significant (p = .02-.04), as follows: right
MFG, left and right IFG, left inferior temporal sulcus, and left and right anterior insula. Next
we conducted follow-up hierarchical regressions to test whether ER scores were associated
with the 6 ROIs for the reappraise versus view sad contrast when covarying for children’s
MDD severity around the time of scan. In 5 of 6 models, children’s ER scores accounted for
an additional and significant portion of the variance above and beyond MDD severity in
children’s neural activation during the reappraise minus view sad contrast. The left anterior
insula was the only region that did not show a significant effect of ER scores on neural
response for the reappraise versus view sad contrast when covarying for MDD severity.

DISCUSSION

The goal of the current study was to test for group differences in neural activation during a
cognitive reappraisal task in children previously diagnosed with MDD compared to healthy
controls. Four key findings were obtained. First, amygdala activation did not differ
significantly within or between groups in relation to regulating negative affect during
reappraisal. Second, when trained and explicitly instructed to do so, MDD-ever and healthy
children showed extensive similarities in patterns of neural activation within cortical brain
regions identified in a meta-analysis of healthy adults. Third, MDD-ever and healthy
children exhibited significantly different patterns of neural activation within left IFG for the
reappraise versus view sad conditions. Fourth, dimensional analyses indicated that higher
MDD severity scores were associated with decreased right superficial amygdala activation
during the reappraise minus view negative contrast. Furthermore, better ER abilities were
significantly associated with increased activation in the left IFG when covarying for
children’s MDD severity at time of scan.

With regard to between-group differences, children with a history of MDD compared to
healthy peers showed significantly less activation in 2 regions of the left IFG while
reappraising versus passively viewing sad photographs. Importantly, reappraisal-related
neural activation within IFG has been widely implicated in healthy ER and related to self-
reports of successful ER in healthy controls.2341 A recent meta-analysis indicated that
increased activation in the IFG during the reappraisal of negative stimuli is the norm in adult
reappraisal.2> In healthy samples, the IFG is thought to support, and has been implicated in,
selecting goal-appropriate responses and inhibiting goal-inappropriate responses.® The IFG
has also been implicated in the deliberate selection of new stimulus-appropriate
reappraisals.® Our findings suggest that the IFG may be a key region in which neural
activation patterns differentiate healthy children from those with a history of MDD.
Dimensional analyses provided further support for the importance of left IFG activation
during reappraisal. That is, increased left IFG activation during the reappraise minus view
contrast was significantly associated with parent reports of their children’s more successful
use of ER. Taken together, results suggest that patterns of significantly decreased neural
activation in the left IFG may function as a trait marker of prior MDD episodes as well as a
marker and possible mechanism of poor CER.
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Although amygdala activation during reappraise sad versus view sad did not differ within or
between groups, correlational analyses revealed that higher MDD severity was associated
with greater activation in the right superficial amygdala subdivision during the view sad
condition. The significant correlation between children’s MDD severity and increased
superficial amygdala activation to sad stimuli suggests that group differences may be more
apparent in children with more acute depression. In fact, the only study examining
reappraisal in healthy children and those with acute depression found that healthy children
were better able to modulate amygdala activation compared to peers with depression.3
However, consistent with our results, the authors clarified that the group with depression
showing greater neural activation to the view negative condition drove their finding, rather
than the result of reduced amygdala activation associated with reappraisal in healthy
controls. As such, our finding is consistent with the notion that children with depression as a
group are more emotionally reactive to negative stimuli, although it is also possible that such
reactivity may be further accentuated by not actively engaging in an effective CER strategy.
It is also possible that the use of sad rather than fear stimuli influenced the lack of between-
or within-group effects on amygdala response. The sad stimuli used (e.g., funeral scenes,
hospital scenes, and suffering children) likely did not induce the type of emotional activation
similar to fear or disgust elicited by stimuli used in a number of reappraisal studies in which
amygdala findings have been generated.29:36

We found evidence for diagnostic group differences during reappraisal in several brain
regions previously identified in adults. Equally important was the finding of a very similar
pattern of activation in a number of regions in children with a history of MDD and healthy
controls. The finding that children with an MDD history showed reappraisal-related neural
responses that were in many ways more similar than different from those of healthy controls
has important clinical implications. These findings suggest that early identification of
alterations in reappraisal processes in children with remitted depression, for whom much of
the neural circuitry remains intact, may be an important window of opportunity for
intervention. Study findings suggest that interventions should focus on methods of
enhancing reappraisal in children with depression. Furthermore, if study findings are
replicated, they would suggest that functions of the IFG such as inhibiting goal-
inappropriate responses and enhancing goal-appropriate responses with regard to mood
regulation could also be a direct target in treatment development.

Limitations of the findings presented include that we collected data from both boys and girls
but were under-powered to test for gender effects. Given the differing patterns of brain
maturation and emotion development in boys and girls, future studies that examine gender
effects on reappraisal-related brain activity are needed to inform the increased rates of MDD
in adolescent girls. Second, the current study focused on the down-regulation of a single
emotion (sadness) when using a single CER strategy (reappraisal). An additional limitation
was that the current sample included both right- and left-handed participants, which could
have affected power in the between-group analyses. It is also a concern that a few
participants were taking psychotropic drugs at the time of scan. However, when the 2
participants taking antidepressants were removed from analyses, the results were essentially
identical. Future studies that include additional emotions, compare different CER strategies,
and include conditions of up-regulation (i.e., increasing negative emotions) may elucidate
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key differences in the neural processes related to CER in healthy children and those with
depression. Furthermore, MDD has been theorized to be a result of maladaptive functional
interactions among a highly integrated network of limbicxcortical regions responsible for
maintaining emotional homeostasis in response to negative affect or events. Thus, future
research aimed at elucidating the connectivity between emation-regulating versus emotion-
regulated brain regions in the context of reappraisal and how these connections may differ in
individuals with depression versus healthy controls during childhood is imperative for
advancing knowledge about mechanisms of impairment in childhood depression.

This study suggests that children previously diagnosed with MDD can reappraise negative
emotion and show patterns of neural activation in several brain regions that are highly
similar to healthy same-age peers. However, reappraisal-related group differences were
found in the left IFG, with MDD-ever children showing diminished neural responses in this
region during reappraisal compared to healthy controls. Furthermore, poorer ER scores were
associated with decreased activation in the left IFG during reappraisal. In sum, diminished
reappraisal-related neural response, especially in the left IFG, may be a trait-like biomarker
of remitted childhood MDD as well as neuromarker of poorer ability to effectively regulate
negative emotions. Future studies that inform the function of the IFG and its connections to
other emotion regions may be critical to the design of novel intervention strategies in
childhood depression.
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Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.
Example of a single trial for the reappraise sad condition.
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FIGURE 2.
Amygdala subdivisions and Diekhof region of interest.
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TABLE 1

Demographic, Clinical, and Scanning Characteristics by Diagnostic Group

Controls MDD-Ever
n=27 N =28 Statistic p

Child Demographic Factors
Gender; % female (n) 52% (14) 57% (16) x3(1) = .16 .69
Age at scan, mean (SD) 10.8 (2.00) 11.4(1.60) t(53)=-1.19 .24
1Q, mean (SD) 109 (13.5) 103 (16.8)  t(52)=156 .13
Pubertal status at scan; % prepubertal (n) 41% (11) 25% (7) (1) =155 .21
Ethnicity; % white (n) 63% (17) 46% (13)  2(1)=152 .22
Handedness; % right handed (n) 82% (22) 79% (22) x3(1) = .07 79
Psychotropic use ever; % yes (n) 3.7% (1) 39% (11) ¥3(1)=10.21 .001
Antidepressant use ever 0 6% (3)
Antidepressant use at time of scan 0 4% (2)
Family Demographic Factors
Gross income at scan, % <$60K (n) 48% (13) 64% (18) ¥3(1)=150 .23
Education, % =4-year degree (n) 63% (17) 25% (7) x3(1)=8.05 .005
Clinical Variables
MDD diagnosis at time of scan 0 0
MDD diagnosis within 6 mo of scan 0 4% (2)
MDD diagnosis within 2 y of scan 0 25% (14)
ERC emotion regulation 29.06 (2.33) 26.48(3.31) t(53)=3.31 .002
MDD core symptoms at closest annual wave 1.5(1.45) 2.70(1.68) t(53)=-2.74 .008
Average mood rating
View neutral 3.32(0.55) 3.43(0.34) t(52)=-0.98 .33
View sad 2.40(0.74)  2.32(055) t(51)=0.45 .65
Reappraise sad 2.64 (0.75) 2.41 (0.70) t(51)=116 .25

Note: ERC = Emotion Regulation Checklist; MDD = major depressive disorder.

J Am Acad Child Adolesc Psychiatry. Author manuscript; available in PMC 2016 September 01.

Page 20



Page 21

Belden et al.

ybu = 1 ‘snIAB [euoly BpPIW = DN ‘JapJosip aalssaidap Jofew = AN M8l = 1 'SIOY JouyaId €2 [1e Buisn Go* > d 1e pa10aliod ajel AIaA0dsIp as|e) ale sanjeA d 210N

Author Manuscript

88’
88’

d

66°0 [} T
000 c0 66°C
z d z

3WI] x UonIpuo)d

UOIIPUOD  dWIL x UORIPUOD

sRem|v AuafesH

-  SO4dN T
L€ O4IN o
X suoifay

(s10¥) 153181u] Jo suoifbiay Jouyyaid Buisn [eINaN MaIA "SA peS MaIA 10} Saouaiayid dnolo-ulyiipn uedniubis

¢ 31avl

Author Manuscript

Author Manuscript

Author Manuscript

J Am Acad Child Adolesc Psychiatry. Author manuscript; available in PMC 2016 September 01.



Page 22

Belden et al.

"X8109 [eyuoljaid [eIPBWONUBA = DAdINA

ybu = Y ‘x81109 [eluolyaid = D-4d ‘IapJosip anlssaidap Jofew = QAN ‘8] = T (X802 a1e|nbuId JoLdue = DDV "sasAfeue uosuedwod dnoif Jayuny Joy pjoysaiyl Too" >d Y4 189w sanjeA adeypjog 810N

0690 10°C 6ve 19T 0L’ 0 £90€" 0T 6S 8T 9T snJAB [ejuoly Jouadns Y
€970 €8¢ LT0" T6C €9¢ 9T 6700 GF'€ 0€ €C 8- o0V 1
€16¢ €T 8e0" ¢v'¢ €5¢ 19T Y9100 T19C 1T 114 LS SnJAB [ejuouy JoLiasul Y
¥.8¢ 66°0 L€ TCT 68L° 00° Sty S¢T V1 €9 [43 snajns [euBrewouoly o
LeslL 0 607" 860 0v6 00° 66T0" 9¥'¢ 0¢- 9- T9- snuAB elodwas s|ppiw 1
88.¢" 10T 668" 000 99 00° 0o¥8" 00" <CI- €€ T O4dNA o
8eCT 9T L€ 02T 0v6 00° G918 00" 91— S€ 9 OddINA 1
143 €ee s 0 €000 107 ¢se GTT €6¢ W S0T0° 8¢ Vv 6 144 wn|nasado [epuoly/eInsul JoLsIUE
95¢0° €€¢ 870" T8¢ 8¢S 00° €¢00" S¢€ 1I- 97 9E- wn|naJado [ejuoly/eInsul JoLsue 1
€L 0 113 86'T 009Y’ 0 voc  vLT €5¢ 19T 1000 8¥Yv €- JASIA T snojns |esodwiay JoLaul
009 000 668" 000 999 00° 6€90" T6'T OF 09- Ly X910 [ejatiedenur Y
19 T |75 0 <000’ [444 LT0" SO'€ €9¢ S9'T 910" S¥e LZ T9- LE- X800 [eisLiedenul
8560 96'T 0g€c” 89T 09" 66°0 TL¢0" 82¢ G€ 15— Tv- X309 [ejalredenut 7
€200’ Sy’ LT0° ¢6'¢C 96¢ €T TLe0° S¢¢ ¢€ 99- Gb- X81100 [ejaLiedenul
9520 14 0€6 0 09" 00T ¥910" 9¥'¢ V- S¢ 8y SnIAB [ejuoly Jouagul o
€€8¢” 0T LT9 0 96¢° 8e'T €¢00" ¢C€ ¢ LE 0S—-  ®Insul JoLidjue/snIAB [ejuoly JoLiagul 7
€L 0 % 10C 9€80° 96'T L0C" 997 €e0 e ¢0000 STV 1 8T 26— eInsul Jouisjue/sniAB [ejuoly Jonapul
19 ¢6°0 €0’ €8¢ 00¥8 98'T 668" 0 90 117C T000" S€Vv 9- 9 87—  eInsul JoLajue/snIAB [eJuoly JoLidyul 1
8€.E" 6 ¢se CTT 96¢° €T 00€e” 82T 9v 97 LE /SNUAB [ejuouy a|ppiw
14 81 1 ST 2000’ STy 990" ¢€¢C 90 €9°¢ S0000 88€¢ Ly 0 - /SnIAB [eyuouy ajppiw
L08T 65T §9¢°  LS'T €5¢ 8.1 €000 <¢Te vy €T - /SNIAB [ejuo.y ajppIW
910’ 6.°C vl ¥6'1T €9¢ LS°T €¢00" 62€ 9¥ 9¢ T J0V/J4d [elpawosiop §
€L 0 €9’ 0 0000° 8¢'S G500 99°€ ov0 69'¢C G000 98¢ 89 7 L- 0JV/J4d [eIpswosIop 1
d Z d z d z d z d z d z z A X suoibay
sisouBelq x swil x uoiipuo)  sisoubeiq x UORIPUOD  8WI] x UOIIPUOD  UOIMPUOD  BWIL x UOINPUOD  UORIPUOD
uostredwo) dnois 19A3-AAIN sAem|y AylresH
S0™>

d s)nsay pa10a1i0) (Ha4d) a1ey A19A09s1q as|ed :S[eldl pes M3IA “SA pes aslelddeay Buning (s10y) 1s9491u] Jo suoibay Joyxsiq ul suosiredwod dnoio

Author Manuscript

Author Manuscript

€31avl

Author Manuscript

Author Manuscript

J Am Acad Child Adolesc Psychiatry. Author manuscript; available in PMC 2016 September 01.



